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INFRARED DETECTOR AND INFRARED
SENSOR INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This 1s a continuation application of U.S. patent applica-
tion Ser. No. 15/870,022, filed Jan. 12, 2018, in the U.S.

Patent and Trademark Oflice, which claims priority from
Korean Patent Apphcatlon No. 10-2017-0108847/, filed on

Aug. 28, 2017, 1n the Korean Intellectual Property Oflice,
the disclosure of which 1s incorporated herein 1n 1ts entirety
by reference.

BACKGROUND

1. Field

Apparatuses consistent with exemplary embodiments
relate to infrared detectors, and more particularly, to imntrared
detectors capable of absorbing inirared light and infrared
sensors ncluding the infrared detectors.

2. Description of the Related Art

Infrared 1mages may be generated by detecting infrared
light emitted from objects by using infrared detectors. Infra-
red 1mages are typically generated by light 1n wavelength
regions that are not identifiable by the naked human eye.
However, mirared cameras perform pixel detection using
infrared detectors and perform analog and digital signal
processing to generate 1images that can be seen by the human
eye. These mifrared images are used 1n various fields such as
the defense industry, medical equipment, surveillance, and
security.

Infrared light 1s harmless to the human body and thus may
be used for measuring biometric information of the human
body, for example, a content of moisture and the like.
However, since specific substances in the human body react
only to specific frequencies of infrared light, an infrared
detector uses a band pass filter to obtain information about
the substance. Thus, with the inclusion of a band pass filter,
it 1s diih

icult to miniaturize an infrared detector.

SUMMARY

.

One or more exemplary embodiments may provide inira-
red detectors and inirared sensors which absorb only infra-
red light 1n a specific wavelength band.

One or more exemplary embodiments may provide are
inirared detectors and infrared sensors which are not sensi-
tive to temperature.

Additional exemplary aspects and advantages will be set
forth 1in part in the description which follows and, 1n part,
will be apparent from the description, or may be learned by
practice of the presented exemplary embodiments.

According to an aspect of an exemplary embodiment, an
infrared detector includes: a substrate; a first electrode,
disposed on the substrate; and an infrared-absorbing layer
disposed on the first electrode, wherein the infrared-absorb-
ing layer absorbs incident inirared light 1n a specific wave-
length band and generates a current corresponding to
absorbed infrared light; and, a second electrode disposed on
the infrared-absorbing layer, wherein the at least one inira-
red-absorbing layer includes: a first semiconductor layer
including a first component; a plurality of quantum dots,

spaced apart from each other on the first semiconductor
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2

layer and including a second component different from the
first component; and a second semiconductor layer mcludmg
the first component and the second component and covering
the plurality of quantum dots.

The specific wavelength band may be determined by a
content of the second component 1n the at least one 1infrared-
absorbing layer.

A center wavelength of the specific wavelength band may
be proportional to a content of the second component.

A center wavelength of the specific wavelength band may
be 1 to 3 um.

An energy band of the second semiconductor layer may
be between an energy band of the quantum dots and an
energy band of the first semiconductor layer.

The quantum dots may have a lower energy band than the
first semiconductor layer and the second semiconductor
layer.

The substrate may 1nclude the first component.

At least one of the first component and the second
component may be a Group III element.

The first semiconductor layer may include a compound

comprising the first component and a third component
different from the first component and the second compo-
nent, and the second semiconductor layer may include a
compound comprising the first component, the second com-
ponent, and the third component.
The third component may be a Group V element.
The at least one infrared-absorbing layer may include first
and second infrared-absorbing layers arranged 1n a direction
from the first electrode to the second electrode.

The infrared detector may further include at least one of:
a first cladding layer between the first electrode and the
inirared-absorbing layer and having an energy band higher
than an energy band of the inifrared-absorbing layer; and a
second cladding layer between the second electrode and the
inirared-absorbing layer and having an energy band higher
than the energy band of the infrared-absorbing layer.

At least one of the first and second cladding layers may

include a fourth component that 1s different from the first and
second components.
The fourth component may be a metal.
The infrared detector may further include a third semi-
conductor layer between the at least one infrared-absorbing
layer and the second electrode.

The third semiconductor layer may include a same mate-
rial as the first semiconductor layer.

A sum of thicknesses of the at least one infrared-absorb-
ing layer and the third semiconductor layer may be equal to
or greater than a wavelength of the infrared light.

The sum of the thicknesses of the at least one infrared-
absorbing layer and the third semiconductor layer may be a
multiple of the wavelength of the infrared light.

One of the first electrode and the second electrode may
include a semiconductor layer doped with n-type impurities
and the other may include a semiconductor layer doped with
p-type impurities.

The second electrode may include a transparent electrode.

The second electrode may overlap a portion of the inira-
red-absorbing layer, as viewed from an incident direction of
the infrared light on the infrared detector.

According to an aspect ol another exemplary embodi-
ment, an infrared sensor includes a plurality of infrared
detectors i1dentical to the infrared detector and detecting
inirared light retlected from a target object.

The plurality of infrared detectors may include a first
infrared detector and a second infrared detector, arranged 1n

a direction perpendicular to an incident direction of light.
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The first infrared detector and the second infrared detector
may absorb light of a same wavelength.

A substrate of the first infrared detector and a substrate of
the second inirared detector may together comprise a single
layer common to the first infrared detector and the second
infrared detector.

A first electrode of the first infrared detector and a second
clectrode of the second infrared detector may be connected
to each other by an electrode pad.

The plurality of infrared detectors may include a third
inirared detector and a fourth infrared detector, arranged 1n
a direction parallel to an 1ncident direction of light.

The third infrared detector and the fourth infrared detector
may absorb light having different wavelengths.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other exemplary aspects and advantages will
become apparent and more readily appreciated from the
tollowing description of the exemplary embodiments, taken
in conjunction with the accompanying drawings in which:

FIG. 1 1s a cross-sectional view schematically 1llustrating,
an infrared detector according to an exemplary embodiment;

FIG. 2 1s a graph showing threshold currents of various
crystal structures according to temperature;

FIG. 3A 1s a graph showing a wavelength band within
which infrared light 1s absorbed by a bulk structure;

FIG. 3B 1s a graph showing a wavelength band within
which infrared light 1s absorbed by quantum dots;

FI1G. 4 1s a graph showing the wavelength of infrared light
absorbed by quantum dots according to an exemplary
embodiment and the wavelength of infrared light absorbed
by quantum dots doped with the material of a first semicon-
ductor layer;

FIG. 5 15 a table showing a relationship between a center
wavelength and the content of indium (In), according to an
exemplary embodiment;

FIG. 6 1s a diagram illustrating an energy band of an
infrared-absorbing layer in an infrared detector according to
an exemplary embodiment;

FIG. 7 1s a cross-sectional view illustrating an infrared
detector according to another exemplary embodiment;

FIG. 8 1s a diagram 1illustrating energy bands of an
inirared-absorbing layer and cladding layers of FIG. 7;

FIG. 9 1s a view 1llustrating an inirared sensor according,
to an exemplary embodiment;

FIG. 10 1s a view 1llustrating an infrared sensor according,
to another exemplary embodiment;

FIG. 11 1s a graph showing light absorption rates accord-
ing to maternals;

FIG. 12A shows a result obtained by photographing a
plurality of sheets having diflerent moisture content ratios
with a general camera; and

FIG. 12B shows a result obtained by photographing a
plurality of sheets having different moisture content ratios
with an infrared sensor.

DETAILED DESCRIPTION

Infrared detectors and infrared sensors including infrared
detectors will now be described 1n detail with reference to
the accompanying drawings. In the drawings, like reference
numerals refer to like elements throughout and the sizes of
clements are exaggerated for clanity and convenience of
explanation.

It will be understood that when an element or layer 1s
referred to as being “‘on,” another element or layer may
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4

include an element or a layer that 1s directly and indirectly
on/below and left/right sides of the other element or layer.
Hereaftter, the inventive concept will be described more fully
with reference to the accompanying drawings, in which
exemplary embodiments of the inventive concept are shown.

It will be understood that, although the terms *“first,”
“second,” etc. may be used herein to describe various
clements, the elements should not be limited by these terms.
These terms are only used to distinguish one element from
another element. Expressions such as “at least one of,” when
preceding a list of elements, modily the entire list of
clements and do not modity the individual elements of the
list.

FIG. 1 1s a cross-sectional view schematically 1llustrating,
an 1nirared detector 100 according to an exemplary embodi-
ment. The infrared detector 100 according to the exemplary
embodiment may detect near infrared light, e.g., mirared
light having a wavelength between about 750 nm and 3000
nm. As shown i FIG. 1, the infrared detector 100 may
include a substrate 10, first and second electrodes 20 and 30
that are disposed on the substrate 10 and spaced apart from
one another, and one or more nfrared-absorbing layers 40
disposed between the first and second electrodes 20 and 30
and which absorb infrared light in a specific wavelength
band to generate a current.

The infrared detector 100 may include a Group III-V
semiconductor material. By forming layers of the infrared
detector 100 with materials having similar lattice constants,
it 1s easily possible to stack the layers and miniaturize the
infrared detector 100.

The substrate 10 may include a Group I1I-V semiconduc-
tor material, and may include the same material as some
layers of the infrared-absorbing layer 40 described below.
For example, the substrate 10 may include GaAs.

The first and second electrodes 20 and 30 may include a
conductive material, e.g., a metal material or a conductive
oxide. Specifically, the first and second electrodes 20 and 30
may include a transparent conductive material. For example,
the first and second electrodes 20 and 30 may include a
metal oxide such as mndium tin oxide (ITO) or indium zinc
oxide (IZ0), a metal nanoparticle dispersion thin film such
as Au or Ag, a carbon nanostructure such as carbon nano-
tubes (CN'Ts) or graphene, or a conductive polymer such as
poly(3.4-ethylenedioxythiophene) (PEDOT), polypyrrole
(PPy), or poly(3-hexylthiophene) (P3HT).

Alternatively, the first and second electrodes 20 and 30
may include an impurity-doped semiconductor material. The
first electrode 20 may be a semiconductor layer doped with
impurities of a first type and may include a Group III-V
semiconductor material. For example, the first electrode 20
may include GaAs doped with n-type impurities such as S,
Ge, Se, or Te. The second electrode 30 may be a semicon-
ductor layer doped with impurities of a second type and may
include a Group I1I-V semiconductor maternial. For example,
the second electrode 30 may include GaAs doped with
p-type impurities. As the p-type impurities, Mg, Zn, Be or
the like may be used.

The infrared-absorbing layer 40 may absorb incident
inirared light only within a specific wavelength band. When
inirared light 1s incident on the infrared-absorbing layer 40,
clectrons, that have absorbed the energy of an energy band
gap corresponding to the inirared light, move, resulting 1n an
imbalance of electrons and holes, and a current 1s generated
in accordance with the imbalance of electrons and holes. The
current may flow from the first electrode 20 to the second
clectrode 30 or from the second electrode 30 to the first
clectrode 20 through the infrared-absorbing layer 40.
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The mirared-absorbing layer 40 may also include a Group
I1I-V semiconductor material. The infrared-absorbing layer
40 may include a first semiconductor layer 42, a plurality of
quantum dots 44 that are spaced apart from each other on the
first semiconductor layer 42, and a second semiconductor
layer 46 covering the plurality of quantum dots 44.

The first semiconductor layer 42 may include a first
component including a Group 111 element. For example, the
first semiconductor layer 42 may include a Group III-V
semiconductor material. The first semiconductor layer 42
may include a material having the highest energy band of the
infrared-absorbing layer 40. For example, the first semicon-
ductor layer 42 may include GaAs. The first semiconductor
layer 42 may determine a wavelength band within which
inirared light 1s absorbed by the infrared-absorbing layer 40.

The plurality of quantum dots 44 may be arranged on the
first semiconductor layer 42. Each of the plurality of quan-
tum dots 44 may directly contact the first semiconductor
layer 42. The plurality of quantum dots 44 may be randomly
arranged.

The quantum dots 44 may be nanocrystals of a semicon-
ductor material having a diameter of about 10 nm or less. As
a method of forming nanocrystals as the quantum dots 44, a
vapor deposition method such as metal organic chemical
vapor deposition (MOCVD) or molecular beam epitaxy
(MBE), a chemical wet method in which a precursor mate-
rial 1s added to an organic solvent to grow crystals, or the
like may be used.

The quantum dots 44 may include a second component
including a Group III element. For example, the quantum
dots 44 may be nanocrystals of a Group I1I-V compound
semiconductor. The Group III-V compound semiconductor
nanocrystal may be any one selected from the group con-
sisting of GalN, GaP, GaAs, AN, AlIP, AlAs, InN, InP, InAs,
GaNP, GaNAs, GaPAs, AINP, AINAs, AIPAs, InNP, InNAs,
InPAs, GaAINP, GaAlNAs, GaAlPAs, GalnNP, GalnNAs,
GalnPAs, InAINP, InAINAs, and InAlPAs. When the first
semiconductor layer 42 includes a GaAs material, the quan-
tum dots 44 may include InAs having a similar lattice
constant.

The nanosize quantum dots 44 exhibit a quantum con-
finement eflect, such that a bandgap becomes larger and the
bandgap has a discontinuous bandgap structure like one
individual atom, unlike a bulk structure.

The quantum dots 44 are not limited to a specific structure
but may have a single structure including only a core or may
have any one selected from a core-single shell structure
including a shell having a core and a single layer and a
core-multiple shell structure including a shell having a core
and multiple layers.

The reason why the quantum dots 44 are included in the
infrared-absorbing layer 40 i1s that the quantum dots 44
exhibit a small change 1n a threshold current according to
temperature. FIG. 2 1s a graph showing threshold currents of
various crystal structures according to temperature. As
shown 1n FIG. 2, a bulk structure has a large change 1n a
threshold current according to temperature. Thus, when
applying a bulk structure to an infrared detector, it 1s
necessary to keep the temperature of the infrared detector
constant to 1mprove the accuracy of the infrared detector.
That 1s, the infrared detector may require a cooler to
maintain a constant temperature. However, the quantum dots
44 do not require a cooler because the threshold current of
the quantum dots 44 1s almost constant according to tem-
perature.

In addition, the quantum dots 44 may serve as seeds in
depositing materials having different lattice constants to
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facilitate formation of layers including the materials. For
example, when a layer including InGaAs, having a lattice
constant different from that of GaAs, 1s formed on a layer
including GaAs, the quantum dots 44 may serve as an
adhesive.

In addition, the quantum dots 44 may be sensitive to light
in a specific wavelength band. FIG. 3A 1s a graph showing
a wavelength band within which infrared light 1s absorbed
by a bulk structure, and FIG. 3B 1s a graph showing a
wavelength band within which infrared light 1s absorbed by
quantum dots. The bulk structure used to obtain the graph of
FIG. 3A includes InGaAs, and the quantum dots used to
obtain the graph of FIG. 3B include InAs. As shown 1n FIG.
3A, the bulk structure absorbs infrared light in a wide
wavelength band. The width of a wavelength band within
which the responsivity of the infrared light absorbed by the
bulk structure 1s about 0.4 or more 1s about 750 nm. On the
other hand, as shown in FIG. 3B, the quantum dots absorb
infrared light within a narrow wavelength band. The width
of the wavelength band within which the responsivity of the
inirared ray absorbed by the quantum dots i1s about 0.4 or
more 1s about 50 nm.

An infrared detector including a bulk structure includes a
bandpass filter as a component to determine whether the
inirared detector absorbs infrared light 1n a particular wave-
length band. However, an infrared detector including quan-
tum dots has a narrow wavelength band within which
infrared light 1s detected, and thus need not include a
separate band {ilter. Thus, the structure of the infrared
detector including the quantum dots may be simplified.

The infrared-absorbing layer 40 may include the second
semiconductor layer 46 covering the plurality of quantum
dots 44. The second semiconductor layer 46 may include a
material having an energy band that 1s greater than that of the
quantum dots 44. The energy band of the second semicon-
ductor layer 46 may be greater than the energy band of the
quantum dots 44 and may be less than the energy band of the
first semiconductor layer 42. The second semiconductor
layer 46 may include a second component contained 1in the
quantum dots 44 and a second component including a Group
III element, which 1s different from the second component
contained 1n the quantum dots 44. For example, when the
quantum dots 44 include InAs, the second semiconductor
layer 46 may include InGaAs.

The first semiconductor layer 42, the plurality of quantum
dots 44, and the second semiconductor layer 46 may include
the same component. Each of the first semiconductor layer
42, the plurality of quantum dots 44, and the second semi-
conductor layer 46 may include a third component including
a Group V element. For example, the first semiconductor
layer 42 may include GaAs, the quantum dots 44 may
include InAs, and the second semiconductor layer 46 may
include InGaAs. By including the same material as
described above, stacking between layers 1s facilitated.

The infrared detector 100 may further include a third
semiconductor layer 350 between the infrared-absorbing
layer 40 and the second electrode 30. The third semicon-
ductor layer 50 may include the same material as the first
semiconductor layer 42. For example, the third semiconduc-
tor layer 50 may also include GaAs.

The upper surface of the infrared-absorbing layer 40 may
be planarized so that a plurality of infrared-absorbing layers
may be stacked. The quantum dots 44 have a crystal
structure, and the second semiconductor layer 46 may have
the form of a thin film and may cover the quantum dots 44.
Thus, the surface of the second semiconductor layer 46 may
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be curved by the quantum dots 44, and the infrared-absorb-
ing layer 40 may be planarized by the stacking of the first
semiconductor layer 42.

The infrared detector 100 may include one or more
inirared-absorbing layers 40. When the infrared detector 100
includes one or more 1nirared-absorbing layers 40, the one

or more infrared-absorbing layers 40 may be arranged in a
direction from the first electrode 20 to the second electrode
30. For example, the one or more inirared-absorbing layers
40 may include a first infrared-absorbing layer 40q, disposed
on and 1n contact with the first electrode 20, a second
infrared-absorbing layer 406, disposed below and 1n contact
with the third semiconductor layer 50, and a third infrared-
absorbing layer 40c¢ arranged between the first inirared-

absorbing layer 40a and the second infrared-absorbing layer
400b.

The one or more infrared-absorbing layers 40 and the
third semiconductor layer 50 may determine the content of
In component contained 1n the infrared-absorbing layers 40.
Since the In component 1s contained 1n the quantum dots 44
and the second semiconductor layer 46, the content of the In
component may be adjusted by adjusting the thicknesses of
the first semiconductor layer 42 and the third semiconductor
layer 50. For example, since the content of the Ga compo-
nent 1ncreases as the thicknesses of the first semiconductor
layer 42 and of the third semiconductor layer 50 increase,
the content of the In component may be comparatively
reduced. In the infrared detector 100 according to the present
exemplary embodiment, the content of the In component
may be determined so that infrared light having a center
wavelength of about 1 to 3 um 1s absorbed.

The sum (t) of the thicknesses of the one or more
inirared-absorbing layers 40 and the third semiconductor
layer 50 may be greater than or equal to the wavelength of
the infrared light to be detected. For example, the sum of the
thicknesses of the one or more 1nfrared-absorbing layers 40
and the third semiconductor layer 50 may be a multiple of
the wavelength of the infrared light to be detected. Thus, the
inirared light to be detected may be stably incident on the
inirared-absorbing layer 40.

FI1G. 4 1s a graph showing the wavelength of infrared light
absorbed by quantum dots according to an exemplary
embodiment and the wavelength of infrared light absorbed
by quantum dots doped with a second semiconductor layer.
As shown 1n FIG. 4, 1t may be seen that quantum dots (1.¢.,
the quantum dots 44), including InAs, react to infrared light
having a center wavelength of about 1350 nm, whereas
quantum dots doped with InGaAs react to infrared light
having a center wavelength of about 1460 nm. That 1s, 1t
may be seen that the degree of doping of InGaAs may
change the wavelength band of infrared light to which
quantum dots react.

Also, 1t may be seen from FIG. 4 that even 1if the
wavelength band of infrared light to which quantum dots
react 1s changed, the width of the wavelength band of the
infrared light to which quantum dots react 1s almost con-
stant. For example, quantum dots including InAs and a
responsivity of quantum dots doped with InGaAs may be 0.4
or more at the width of the wavelength band of about 50 nm.
Thus, the detection sensitivity of infrared light may be
maintained while adjusting a wavelength band to be detected
by the doping of InGaAs.

The band gap energy Eg(x) of InxGal-xAs 1s expressed
by Equation (1).

Eg(x)=1.425 eV-1.501x eV+0.436x> eV [Equation 1]
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Here, x 1s equal to or greater than O and 1s equal to or less
than 10 (1.e., O=x=<10).

As shown in Equation 1, the band gap energy Eg(x)
changes depending on the content of In component. A
change 1n the bandgap energy Eg(x) means that the wave-
length of inirared light to be absorbed may be changed.

FIG. 5 1s a table showing a relationship between a center
wavelength and the content of In component, according to
an exemplary embodiment. As shown 1 FIG. §, it may be
seen that the content of In component and a band gap energy
are proportional to each other and the content of In compo-
nent and the center wavelength of infrared light to be
absorbed are inversely proportional to each other. Thus, the
center wavelength of infrared light to be absorbed may be
adjusted by controlling the content of In component.

FIG. 6 1s a diagram 1illustrating an energy band of the
infrared-absorbing layer 40 in the infrared detector 100
according to the exemplary embodiment. When the first
semiconductor layer 42 includes GaAs, the quantum dots 44
include InAs, and the second semiconductor layer 46
includes InGaAs, the infrared-absorbing layer 40 may have
an energy band as shown 1n FIG. 6. When electrons of the
infrared-absorbing layer 40 absorb infrared light having a
specific wavelength, for example, the wavelength of 14350
nm, the electrons are activated and move.

FIG. 7 1s a cross-sectional view 1llustrating an infrared
detector 100a according to another exemplary embodiment.
When comparing FIG. 7 with FIG. 1, the infrared detector
100a of FIG. 7 may further include a first cladding layer 60
arranged between a first electrode 20 and an infrared-
absorbing layer 40 and a second cladding layer 70 arranged
between a second electrode 30 and the infrared-absorbing
layer 40. The first cladding layer 60 and the second cladding
layer 70 may include a material having an energy band
higher than the energy band of the inifrared-absorbing layer
40. The first cladding layer 60 and the second cladding layer
70 may include a metal material. For example, the first
cladding layer 60 and the second cladding layer 70 may
include AlGaAs. Even 1f electrons of the infrared-absorbing
layer 40 are activated, the first cladding layer 60 and the
second cladding layer 70 may allow only electrons having a
higher energy band than the first cladding layer 60 and the
second cladding layer 70 to escape from the infrared-
absorbing layer 40, thereby increasing the electron concen-
tration of the infrared-absorbing layer 40. The infrared
detector 100a may include both the first cladding layer 60
and the second cladding layer 70 or may include only one of
the first cladding layer 60 and the second cladding layer 70.

FIG. 8 1s a diagram illustrating energy bands of the
inirared-absorbing layer 40 and the first and second cladding
layers 60 and 70 of FIG. 7. When the first and second
cladding layers 60 and 70 include AlGaAs, the quantum dots
44 include InAs, and the second semiconductor layer 46
includes InGaAs, the infrared-absorbing layer 40 and the
first and second cladding layers 60 and 70 may have energy
bands as shown in FIG. 8. Since a band gap up to a first
energy band 1s 0.855 €V, electrons may be activated when
infrared light of about 1450 nm 1s 1incident on the infrared-
absorbing layer 40. However, only electrons having a higher
energy band than the first and second cladding layers 60 and
70 may escape from the infrared-absorbing layer 40 and
flow to the first electrode 20 or the second electrode 30.

An mnirared sensor may be formed by arranging a plurality
of infrared detectors, for example, the infrared detectors 100
or 100a described above. The plurality of infrared detectors
of the infrared sensor may detect infrared light of the same
wavelength band or detect infrared light of different wave-
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length bands. The wavelength band of infrared light to be
detected may vary depending on the content of In in the an
inirared-absorbing layer included in each of the infrared
detectors 100 or 100a.

FIG. 9 1s a view 1illustrating an infrared sensor 200 5
according to an exemplary embodiment. As shown 1n FIG.

9, the infrared sensor 200 may include a plurality of infrared
detectors, for example, first and second infrared detectors
210 and 220. For example, the first and second infrared
detectors 210 and 220 may be stacked in a direction parallel 10
to an incident direction of infrared light. Each of the first and
second infrared detectors 210 and 220 may correspond to the
infrared detector 100 shown in FIG. 1 or the nfrared
detector 100a shown in FIG. 8.

A second electrode 213 of the first infrared detector 210 15
and a first electrode 222 of the second infrared detector 220
may be connected to each other by an electrode contact 230.
The second electrode 213 of the first infrared detector 210
and the first electrode 222 of the second infrared detector
220 may be a single electrode common to both the first 20
inirared detector 210 and the second infrared detector 220.
The second electrode 213 of the first infrared detector 210,
the first electrode 222 of the second infrared detector 220,
and a second electrode 223 of the second infrared detector
220 may be transparent electrodes in order to increase an 25
incident amount of infrared light.

The content of In may be different between an inirared-
absorbing layer 214 of the first infrared detector 210 and an
infrared-absorbing layer 224 of the second mnirared detector
220. Thus, the first infrared detector 210 and the second 30
inirared detector 220 may detect diflerent wavelength bands.
The longer the wavelength, the higher the transmaittance, and
thus, the first infrared detector 210 may be designed to detect
a longer wavelength than the second infrared detector 220.
For example, the content of In may be adjusted so that the 35
first infrared detector 210 detects infrared light having a
center wavelength of about 1650 nm and the second infrared
detector 220 detects infrared light having a center wave-
length of about 1450 nm.

FIG. 10 1s a view illustrating an inifrared sensor 300 40
according to another exemplary embodiment. As shown 1n
FIG. 10, the infrared sensor 300 may include a plurality of
pixels P arranged on a substrate 310. The plurality of pixels
P may be arranged 1n a direction perpendicular to an incident
direction of infrared light. Since the plurality of pixels P are 45
arranged 1n the direction perpendicular to the incident direc-
tion of infrared light, an object having a certain area may be
photographed at once. The pixels P may be formed by the
inirared detector 100.

The substrate 310 of the infrared sensor 300 may include 50
a Group III-V semiconductor material. For example, the
substrate 310 may include GaAs.

A common e¢lectrode 320 may be arranged on the sub-
strate 310. The common electrode 320 may include a metal
material or a conductive oxide. Alternatively, the common 55
clectrode 320 may include a semiconductor material doped
with impurities. For example, the common electrode 320
may include GaAs doped with n-type impurities.

A first cladding layer 360 may be arranged on the com-
mon electrode 320, and the first cladding layer 360 may 60
include a maternial having an energy band higher than that of
an inirared-absorbing layer 340 included in each of the
pixels P. For example, the first cladding layer 360 may
include AlGaAs. An electrode pad 390 may be arranged on
a portion of the first cladding layer 360. The electrode pad 65
390 may be connected to the common electrode 320 through
a through-hole of the first cladding layer 360.

10

Each pixel P may include one or more infrared-absorbing
layers 340, a third semiconductor layer 350, a second
cladding layer 370, and a pixel electrode 330. The infrared-
absorbing layers 340, the third semiconductor layer 350, and
the second cladding layer 370, included in the pixel P, may
respectively correspond to the inirared-absorbing layer 40,
the third semiconductor layer 50, and the second cladding
layer 70, shown 1n FIG. 7.

Specifically, each of the infrared-absorbing layers 340
may include a Group III-V semiconductor material. Each of
the infrared-absorbing layers 340 may include a first semi-
conductor layer 342, a plurality of quantum dots 344 that are
spaced apart from one another on the first semiconductor
layer 342, and a second semiconductor layer 346 covering
the plurality of quantum dots 344.

The first semiconductor layer 342 may also include a
Group III-V semiconductor material. The first semiconduc-
tor layer 342 may include a material having the highest
energy band of all of the layers in the infrared-absorbing
layer 340. The first semiconductor layer 342 may also
include a first component including a Group 111 element. For
example, the first semiconductor layer 342 may include
(JaAs.

The plurality of quantum dots 344 may be randomly
arranged. The quantum dots 344 may include a second
component including a Group III element. Specifically, the
quantum dots 344 may be nanocrystals of a Group III-V-
based compound semiconductor. For example, the quantum
dots 344 may include InAs.

The second semiconductor layer 346 covering the plural-
ity ol quantum dots 344 may include a material having an
energy band higher than that of the quantum dots 344. The
second semiconductor layer 346 may include a component
including a Group III element, which 1s not included 1n the
quantum dots 344. For example, when the quantum dots 344

include InAs, the second semiconductor layer 346 may
include InGaAs.

The third semiconductor layer 350 may be arranged on
the 1inirared-absorbing layer 340 and may include a Group
I1I-V semiconductor material. For example, the third semi-
conductor layer 350 may include GaAs.

The second cladding layer 370 may be arranged on the
third semiconductor layer 350 and may include a material
having an energy band higher than that of the infrared-
absorbing layer 340. The second cladding layer 370 may
include AlGaAs, like the first cladding layer 360.

The pixel electrode 330 may include a conductive mate-
rial and may correspond to the second electrode 30 of the
inirared detector 100 shown in FIG. 1 or of the infrared
detector 100a shown 1 FIG. 7. For example, the pixel
clectrode 330 may include a metal material or a conductive
oxide. Specifically, the pixel electrode 330 may include a
transparent conductive material. For example, the pixel
clectrode 330 may include a metal oxide such as I'TO or IZ0,
a metal nanoparticle dispersion thin film such as Au or Ag,
a carbon nanostructure such as CNT or graphene, or a
conductive polymer such as PEDOT, PPy, or P3HT.

Alternatively, the pixel electrode 330 may include a
semiconductor material doped with impurities. For example,
the pixel electrode 330 may include a semiconductor mate-
rial of GaAs doped with p-type impurities.

When the matenial of the pixel electrode 330 i1s not a
transparent material, the pixel electrode 330 may have a
shape having an empty center region, 1n order to increase the
incident amount of infrared light. For example, the pixel
clectrode 330 may have the shape of a ring arranged only on

the edges of the infrared-absorbing layer 340. Alternatively,
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an electrode of the pixel P may have the shape of a mesh
including a plurality of openings.

The pixel P, the first cladding layer 360, the common
clectrode 320, and a part of the substrate 310, shown 1n FIG.
10, may correspond to the infrared detector 100a shown 1n
FIG. 7. The infrared sensor 300 of FIG. 10 includes the first
and second cladding layers 360 and 370, but i1s not limited
thereto. For example, the infrared sensor 300 may omuit the
first and second cladding layers 360 and 370, or may include
only one of the first and second cladding layers 360 and 370.

The infrared sensor 300 described above may be used to
measure the content of a component contained 1n an object.
For example, the infrared sensor 300 may be used as a sensor
for measuring moisture. FIG. 11 1s a graph showing light
absorption rates according to materials. As shown 1n FIG.
11, 1t may be seen that water absorbs more infrared light 1n
a wavelength band of about 1450 nm. Skin includes various
materials, but the content of water 1n the skin 1s relatively
high, and thus, as shown 1n FIG. 11, it may be seen that the
skin has a light absorption rate similar to the light absorption
rate of water. Particularly, 1t may be seen that the skin also
absorbs infrared light 1n a wavelength band of about 1450
nm. Thus, the moisture of the skin may be measured by
using infrared light in a wavelength band of about 1450 nm.

An 1infrared sensor 300 according to the present exem-
plary embodiment may be designed to detect infrared light
in a wavelength band of about 1450 nm 1n order to measure
a moisture content. The In content of an infrared-absorbing
layer in the infrared sensor 300 may be determined to detect
inirared light 1n a wavelength band of about 1450 nm. For
example, the mirared sensor 300 may be manufactured to
have an In content of about 0.43. The intrared sensor 300
may also be used to measure other components 1n addition
to moisture.

FIG. 12A shows a result obtained by photographing a
plurality of sheets having different moisture content ratios
with a general camera, and FIG. 12B shows a result obtained
by photographing a plurality of sheets having diflerent
moisture content ratios with an infrared sensor. As shown in
FIG. 12A, since the general camera 1s an RGB 1image device,
the general camera does not provide information about the
content of moisture 1n the sheets. On the other hand, as
shown 1n FIG. 12B, the infrared sensor may provide a lower
luminance 1mage with respect to a sheet having a higher
moisture content ratio. A sheet having a higher moisture
content ratio may absorb more infrared light 1n a wavelength
band of about 1450 nm. Thus, 1n this case, since the infrared
sensor absorbs less infrared light, the infrared sensor gen-
erates lower current and provides a lower luminance image.

As described above, when quantum dots are included 1n
an infrared detector and an infrared sensor, the infrared
detector and the infrared sensor may detect infrared light
within a narrow bandwidth. Thus, the infrared detector and
the infrared sensor do not require a separate band-pass filter.
In addition, since the threshold current 1n the quantum dots
does not change significantly according to temperature, the
infrared detector and the infrared sensor do not require a
cooler for maintaining a constant temperature. Thus, a small
inirared detector and a small infrared sensor may be manu-
factured.

In addition, since the infrared detector having a multi-
layer structure includes quantum dots having an adhesive
function, multiple layers in the infrared detector may be
casily formed and thus the manufacture of the infrared
detector 1s facilitated.

It should be understood that exemplary embodiments
described herein should be considered 1n a descriptive sense
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only and not for purposes of limitation. Descriptions of
features or aspects within each embodiment should typically
be considered as available for other similar features or
aspects 1n other embodiments.

While one or more exemplary embodiments have been
described with reference to the figures, 1t will be understood
by those of ordinary skill 1n the art that various changes in
form and details may be made therein without departing
from the spirit and scope as defined by the following claims.

What 1s claimed 1s:

1. An mnfrared detector comprising:

a substrate;

a first electrode, disposed on the substrate; and

an 1infrared-absorbing layer disposed on the first electrode,

comprising a plurality of quantum dots configured to
absorb infrared light having a width of wavelength
band of about 50 nm or less within which a responsivity
of the inirared light absorbed by the plurality of quan-
tum dots 1s about 0.4 or more and generate a current
corresponding to absorbed infrared light; and

a second electrode disposed on the infrared-absorbing

layer,

wherein the first electrode, the infrared-absorbing layer,

and the second electrode are sequentially arranged from
the substrate, and the current generated 1n the infrared-
absorbing flows 1n a direction perpendicular to the
substrate.

2. The infrared detector of claim 1, wherein the infrared
light comprises a wavelength band absorbed by moisture.

3. The infrared detector of claim 1, wherein the intfrared
light 1s received from a target object and the infrared-
absorbing layer generates a current having a magnitude 1n
iverse proportion to a content of moisture 1 the target
object.

4. The infrared detector of claim 1, wherein a center
wavelength 1s about 1450 nm.

5. The infrared detector of claim 1, wherein the infrared-
absorbing layer comprises a first infrared-absorbing layer
and a second infrared-absorbing layer arranged 1n a direction
from the first electrode to the second electrode.

6. The infrared detector of claim 1, wherein one of the first
clectrode and the second electrode comprises a semiconduc-
tor layer doped with n-type impurities and another one of the
first electrode and the second electrode comprises a semi-
conductor layer doped with p-type impurities.

7. The 1infrared detector of claim 1, wherein the infrared-
absorbing layer comprises at least one of a first semicon-
ductor layer comprising a first component and a second
semiconductor layer comprising the first component and a
second component, different from the first component.

8. The infrared detector of claim 7, wherein the plurality
of quantum dots comprising the second component.

9. The infrared detector of claim 7, wherein the second
semiconductor layer covers the plurality of quantum dots.

10. The infrared detector of claim 7, wherein a wave-
length band of the absorbed infrared light 1s determined by
a content of the second component 1n the infrared-absorbing
layer.

11. The infrared detector of claim 7, wherein the second
component comprises In.

12. The infrared detector of claim 7, wherein an energy
band of the second semiconductor layer 1s between an
energy band of the plurality of quantum dots and an energy
band of the first semiconductor layer.

13. The infrared detector of claim 7, wherein an energy
band of the plurality of quantum dots 1s lower than an energy
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band of the first semiconductor layer and lower than an
energy band of the second semiconductor layer.

14. The infrared detector of claim 7, wherein the substrate
comprises the first a component.

15. The infrared detector of claim 7, wherein at least one
of the first component and the second component 1s a Group
I1I element.

16. The infrared detector of claim 7, wherein the first
semiconductor layer comprises a first compound comprising
the first component and a third component, diflerent from
the first component and the second component, and the
second semiconductor layer comprises a second compound
comprising the first component, the second component, and
the third component.

17. An infrared sensor comprising a plurality of infrared
detectors, each identical to the infrared detector according to
claim 1, wherein the infrared sensor 1s configured to detect
the infrared light received from a target object.

18. The infrared sensor of claim 17, wherein the plurality
of infrared detectors comprise a first infrared detector and a
second infrared detector, arranged 1n a direction perpendicu-
lar to a direction of incidence of the infrared light on the
infrared sensor.
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19. The infrared sensor of claim 17, wherein the plurality
of infrared detectors comprise a third infrared detector and
a fourth inirared detector, arranged 1n a direction of 1nci-
dence of the infrared light on the inirared sensor.

20. An infrared detector comprising:

a substrate:

a first electrode, disposed on the substrate; and

an infrared-absorbing layer disposed on the first electrode,

comprising a plurality of quantum dots configured to
absorb infrared light having a width of wavelength
band of about 50 nm or less within which a responsivity
of the inirared light absorbed by the plurality of quan-
tum dots 1s about 0.4 or more and generate a current
corresponding to absorbed infrared light; and

a second electrode disposed on the infrared-absorbing

layer,

wherein one of the first electrode and the second electrode

comprises a semiconductor layer doped with n-type
impurities and another one of the first electrode and the

second electrode comprises a semiconductor layer
doped with p-type impurities.
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